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Abstract 
     This paper reports the deposition of graphene oxide thin films via electrophoretic deposition process (EPD) in two different 
media. Pristine graphene oxide (GO) platelets are fabricated through modified Hummer’s method. The platelets are dispersed in 
two different dispersing media, namely acetonitrile (ACN) and distilled water. The morphology, thickness and surface properties 
of these films are analyzed by field emission scanning electron microscopy (FESEM), current density-time graphs obtained 
during EPD, Hansen, and Hildebrand solubility parameters. GO suspension in ACN exhibits more suitable film forming 
properties rather than GO suspension in water. Although GO platelets dispersed in water remain stable for a longer time, the 
platelets in ACN can move more easily toward the positive electrode (anode). Additionally, the quality of the film of GO-water 
suspension is affected by the electrolysis of water which occurs on the anode. 
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1. Introduction 
Graphene is a name given to single-layer or few-layer stacked sheets of sp2-bonded carbon atoms with a 
honeycomb structure, Maiti et al. (2011), Avouris and Dimitrakopoulos (2012). It has drawn great attention in 
applications such as composites, transparent conducting electrodes, field emitters, and so forth, Chavez-Valdez et al. 
(2012) due to its outstanding mechanical, thermal, electrical, and optical properties, Wu et al. (2009). Fabrication of 
monolayer graphene was first reported in 2004 using the micromechanical cleavage “scotch tape” method, 
Novoselov et al. (2004). From then, there have been several reports indicating other ways of obtaining graphene, 
including chemical vapor deposition (CVD) method, Cai et al. (2010), epitaxial growth on silicon carbide wafers, 
Borovikov and Zangwill (2009) and chemical exfoliation method, Luo et al. (2009). Although high quality graphene 
can be produced using the CVD method, Xia et al. (2011), graphene synthesized via the chemical exfoliation 
method can be easily dispersed in various solvents. Additionally, it is an inexpensive method with the potential of 
mass production, Feng et al. (2014). 
Graphene-based thin films can be fabricated through the following techniques: dip-coating, spin-coating, 
spraying of graphene suspension on a surface, and electrophoretic deposition method (EPD), An et al. (2010). 
Coating graphene onto large-area substrates is feasible via the first three aforementioned methods. However, 
controlling the thickness and uniformity of the thin films is difficult. Therefore, EPD is of great interest because it 
has many advantages, such as high deposition rate and throughput, thickness controllability, scalability and no need 
for binders or cross-linking molecules, Lee et al. (2009). 
EPD is a film-forming process in which charged particles in a stable suspension are forced to move toward an 
electrode of opposite charge by applying an electric field. EPD of chemically derived graphene platelets can be 
achieved through two ways: deposition of reduced graphene oxide platelets (rGO), Lee et al. (2009) or deposition of 
graphene oxide platelets (GO) and subsequent reduction of GO to graphene sheets, Liu et al. (2011). Although EPD 
can deposit multiple layers of graphene on a conducting electrode, it can also bring about the reduction of oxidized 
graphene platelets (GO platelets), An et al. (2010). 
The medium of dispersion plays a vital role in its stability. Although water is the most common medium used for 
EPD of graphene, various organic solvents have also been used for this process. Water has some advantages 
including lower cost, no toxicity and no flammability over organic solvents. Water also leads to a more 
environmentally friendly EPD process, Besra and Liu (2007). However, the most important drawback of water as a 
medium, namely the tendency of water to be electrolyzed during EPD, encourages the usage of media other than 
water. Thus, organic solvents such as alcohols and ketones are the most utilized mediums, Chavez-Valdez et al. 
(2012). 
In this work, we report a new medium for fabrication of graphene oxide thin film via EPD. Acetonitrile (ACN) is 
used as an organic solvent. Although ACN showed some issues in case of stability, its advantages in EPD process 
such as low conductivity, high density and more importantly high chemical stability motivated us to use it as a 
successful medium for EPD of graphene oxide. 
2. Experimental 
2.1. GO synthesis 
Natural graphite powder (150-200 mesh), >99 % NaNo3, 98 % H2SO4, KMnO4, 32 % HCl, and 30 % H2O2 were 
provided from Merck Chemicals Co. GO preparation method is based on modified Hummer’s method and reported 
elsewhere, Xu et al. (2009). Typically, 0.5 g of natural graphite powder and 0.25 g of NaNO3 were added to 11.5 mL 
of concentrated H2SO4. This mixture was stirred for two hours at room temperature. Later, it was cooled to 0 °C by 
putting it in an ice bath. 1.5 g of KMnO4 was slowly added to it in this temperature. Another two hours of stirring in 
35 ˚C was followed by slow addition of 23.5 mL of distilled water. Then, it was stirred for one hour at 95 ˚C. The 
mixture was cooled to room temperature and then 70 mL of distilled water and 5 mL of 30% H2O2 were poured on 
it. Afterward, the mixture was washed with 10% HCl, distilled water, and ethanol in succession and dried in air. 
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2.2.  Electrophoretic deposition process 
For the EPD process, solid graphite oxide platelets were dispersed in two media, ACN and water, and sonicated 
in an ultrasonic bath for one hour. For this purpose, suspensions with concentration of 0.3 mg/ml were produced. 
Two pieces of fluorine doped tin oxide (FTO) glasses with distance of 5 mm were used as electrodes and immersed 
in the EPD dispersion. The area of each of the FTO substrates immersed in the dispersion was 1 cm2. The 
fabrication of the films was visibly confirmed since as the dark color of the suspensions was gradually faded, the 
anode electrode became darker. All of the EPD processes were performed in a constant voltage mode. The 
electrodes were dried naturally after they were pulled out of the dispersion.  
3. Results and discussion 
The stability of suspensions was examined by comparing GO-water and GO-ACN suspensions 0 min, 20 min, 1 
h, and 24 h after sonication (figure 1). Both of the suspensions have concentration of 0.3 mg/ml. As it is obvious in 
the figure 1, the dark color of GO-ACN suspension fades after 24 h. However, the images show that although some 
of the GO platelets tend to precipitate immediately after sonication, some of them remain dispersed even after 24 h 
i.e. the GO-ACN suspension loses its stability partially in 24 h. On the other hand, according to the figure 1, the GO-
water suspension remains in a fixed color after 24 h. This means that it retains its complete stability within this 
period. 
 
 
Fig. 1. GO-ACN suspension (left), GO-water suspension (right) 
 (a) As sonicated; (b) 20 minutes; (c) one hour; (d) 24 hours after sonication. 
Although GO-water suspension remains stable for a longer time, there are some other reasons that make ACN a 
suitable medium. The dispersing power of solvents can be determined based on their solubility parameters. Hansen 
solubility parameters include δd, δp, and δh which are representative of dispersion cohesion parameter, polarity 
cohesion parameter, and hydrogen bonding cohesion parameter, respectively. Materials with similar Hildebrand 
solubility parameter (δ) are likely to be miscible or dispersible in the medium, Park et al. (2009). The relation 
between δd, δp, δh, and δ is defined as the equation (1). Table 1 shows the solubility parameters for graphene oxide, 
water, and acetonitrile. 
 
δ2= δd2+δp2+δh2                                                                                                                                                                                                                                     (1) 
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Since graphene oxide platelets benefit from having hydrophilic oxygen-containing functional groups on their 
surface, stable aqueous solution can be easily formed by these nanoparticles. In other words, electrostatic repulsion 
occurs between graphene oxide platelets as a result of having functional groups such as epoxides and carboxylic 
acids that bring about negatively charged platelets.  
                               Table 1. List of solubility parameters for GO, water, and ACN. 
 δd (MPa1/2) δp (MPa1/2) δh (MPa1/2) δ (MPa1/2) 
GO 17.1 10.0 15.7 25.28 
Water 15.5 16.0 42.3 47.81 
Acetonitrile 15.3 18.0 6.1 24.40 
 
A suitable medium for EPD process should have the following features: (i) low viscosity and (ii) low dielectric 
constant. If the medium is highly viscous, the GO platelets will not be able to flow easily toward the electrode with 
the opposite charge. Besides, a high dielectric constant leads to a high ionic concentration in the medium. Thus, the 
size of double layer decreases and this causes a reduction in electrophoretic mobility. ACN as a dispersing medium 
has lower viscosity (0.343 mPa.s for ACN and 0.894 mPa.s for water at 25˚C) and lower dielectric constant (37.5 for 
ACN and 80.1 for water at 20 ˚C) than water. These two important features also make the ACN an alternative to 
water. 
Figure 2 shows the graphs of current density versus time for EPD of GO using ACN and water as dispersing 
media. As it is clear, the current density in both media decreases gradually as the time passes. Namely, deposition 
rate decreases with prolonged deposition time. This happens because of the formation of an insulating layer of 
graphene oxide on the surface of positive electrode (anode). Another point that can be extracted from the graphs is 
that the amount of current density for GO-water system is almost twice that of the GO-ACN system from the 
beginning point to the last point. Since the GO platelets dispersed in the media are the same and the suspensions 
have the equal concentration, the only parameter that may affect the amount of current density is the medium. 
Therefore, it can be concluded that ACN has less conductivity than water. If the medium is too conductive, the 
current mostly flows through the medium. As a result, less GO platelets are deposited. 
 
 
Fig. 2. Current density vs. time graphs of GO suspensions in ACN and water. 
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Figure 3 represents the FESEM images of graphene oxide films fabricated from the two different suspensions. As 
it shows, film deposited using the GO-ACN suspension has less wrinkles. The morphology of graphene films is a 
major factor in determining the transport properties of the films. Crumpled and warped geometries result in having 
more scattering centres which have negative effects on the film’s transport properties, Lee et al. (2009). Thus, the 
film obtained from the GO-ACN suspension seems more suitable for applications in which conductivity is important 
after they have been reduced. 
 
 
Fig. 3. FESEM images of graphene oxide films. (A) and (B) are obtained from GO-ACN suspension; (C) and (D) are obtained from GO-water 
suspension. 
4. Conclusions 
 In conclusion, we demonstrate an EPD process for fabricating graphene oxide thin film in which water and ACN 
are used as dispersing media. Current density-time graphs and Hansen and Hildebrand solution parameters show that 
ACN can be a very suitable alternative to water. Moreover, FESEM images show that the morphology of GO-ACN 
film is more desired for some applications. 
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